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Liquid secondary ionization mass spectra of solutions of alkali chlorides in glycerol were 
studied as a function of salt concentration. The experimental abundances of glycerol ions and 
of Cs+(CsCl), cluster ions were successfully reproduced by assuming that most of the 
randomly distributed ions pair up with counterions shortly after impact. Further, it is 
considered that clustering (or proton transfer) reactions occur mainly between an ion that 
survives the pairing process and ion pairs (or basic analytes) in the immediate vicinity; 
however, some mixing undoubtedly occurs in the later stages of the desorption process. At 
the density of the original matrix, the range of proton transfer is calculated to be 5-15 8, and 
that of clustering approximately 25% shorter. These reaction distances are inversely corre- 
lated with the internal energy of the ejected ions. In general, liquid secondary ionization 
mass spectra of alkali chloride solutions can be seen to result from competitive ion-ion 
recombination reactions in the decaying matrix. Finally, from the abundances of cluster ions 
containing [glycerol - HI- ions, it is estimated that approximately 1% of the glycerol 
molecules in the ejected volume are ionized in the collision cascade. (1 Am Sot Muss Spectrom 
2993, 4, 470-418) 
T 
he formation of charged clusters is a ubiquitous 
phenomenon in all desorption ionization (DI) 
techniques. In solid and liquid secondary ioniza- 
tion mass spectrometry (SIMS), the mechanism of for- 
mation of such clusters has intrigued researchers for 
many years. Two competing viewpoints run through 
many years of literature: cluster formation by recombi- 
nation in a gaseous phase, often called selvedge, or by 
ejection of clusters already present in the surface, 
known as “direct emission.” It has proved difficult to 
make a clear choice between these alternatives. In 
contrast, it is well known that unimolecular dissocia- 
tion of the clusters, after ejection from the surface, 
plays a large role in determining observed cluster 
distributions [l, 21. 
The studies of alkali halides provide a good illustra- 
tion of possible cluster formation processes. In solid 
SIMS, it was found that the [M&TX),]+ clusters exhib- 
ited anomalous abundance distributions with en- 
hanced abundances for some n values [3-51. These 
were interpreted in terms of the direct emission pro- 
cess [4, 61; however, the origin of the anomalies be- 
came clear when Standing and co-workers [l] found 
that no anomalies were observed in the mass spectra of 
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CsI when a time-of-flight instrument was used as op- 
posed to a magnetic sector instrument. The crucial 
difference between the two instruments is that the 
time-of-flight mass spectrometer shows the cluster dis- 
tribution approximately 10-l ps after emission, 
whereas the sector instrument shows the distribution 
after approximately 10’ fis. It was thus clear that the 
anomalies did not originate with the cluster formation 
process but were due to subsequent unimolecular 
declustering [I]. Stability variations between different 
clusters are reflected in their unimolecular dissociation 
kinetics [7, 81. Collaborating support comes from the 
observation that the abundance anomalies are sup- 
pressed by collisional stabilization in a high-pressure 
source [9]. With respect to liquid SIMS, Miller and 
Theberge [lo] and Wang and Riillgen [ll] found that 
the abundance anomalies are strongly suppressed 
when the salt is dissolved in a liquid matrix (glycerol). 
It was concluded that the [M(MX),]+ clusters have 
less internal energy when formed from a liquid matrix 
than from the solid [ll]. However, this does not neces- 
sarily mean that the clusters leave the surface with less 
excitation energy; it is also possible that the [M(MX),]+ 
ions shed a glycerol (Gl) molecule very soon after 
ejection into the gas phase: 
[M(MX),(Gl)]+ -, [M(MX).]++ cl (1) 
Such a cooling effect of declustering was proposed [2] 
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to explain the low internal energies of ions observed in 
molecular SIMS. The work cited above [l, 7-111 
showed that unimolecular declustering is important in 
both solid and liquid SIMS; however, the mechanism 
of cluster formation remained uncertain. 
A study of the many reports that support the alter- 
native cluster formation process (i.e., recombination) 
shows that two very different physical pictures have 
been used. According to the first, usually applied to 
solid SIMS, the surface is essentially intact during 
desorption, and concepts Like “surface-binding energy” 
and “passing through the surface” are meaningful 
[12]. This may be justified when desorption occurs on 
the 10m’2_s time scale and is induced by momentum 
transfer in the collision cascade. Molecular dynamics 
simulations of solid SIMS have shown that recombina- 
tion to form clusters still can occur when atoms that 
originally are nonadjacent happen to be ejected close 
together and with similar velocities [13, 141. The sec- 
ond picture, “bulk desorption,” is very different and 
has been applied mainly to SIMS of liquids and frozen 
cryogenic gases. Here, it is considered that the matrix 
undergoes a bulk transformation to a gaseous state as 
a result of a “thermal spike.” Recombination to form 
clusters is considered to occur in this high-pressure 
selvedge 1151. The concept of bulk desorption in liquid 
SIMS is consistent with several measurements of high 
neutral yields, approximately lo3 molecules per inci- 
dent atom [16, 171. From their extensive investigation 
into SIMS of frozen gases [ 181, Urbassek and Michl [ 191 
arrived at a related “gas-flow” model. They consid- 
ered that large, charged clusters are formed in a dense, 
supercritical flowing gas at the impact site as a result 
of “preferred solvation shells” around the ions [18]. 
These clusters subsequently cool by declustering in the 
vacuum. Gas-phase recombination has also been sup- 
ported by others [20, 211. 
A hot, very high-density gas with the small physical 
dimensions of the selvedge will have a very short 
lifetime. Thus, Michl and co-workers [18] argued that 
there is not enough time for three-body collisions to 
occur. Our own calculations also support that the anal- 
ogy with clustering in a supersonic nozzle does not 
hold [22]. Indeed, Urbassek and Michl [ 191 successfully 
modeled the gas flow at the impact site by using 
collision-free molecular flow. 
The alternative to cluster formation by recombina- 
tion at the surface or in the selvedge is “direct emis- 
sion” of clusters. We may also consider two extreme 
pictures of this process. In the first, thermalization is 
extensive, and the energy of the matrix becomes nearly 
statistically distributed. Such cluster formation has 
been modeled using the Rice-Ramsperger-Kassel- 
Marcus (RRKh4) theory [23]. In the other extreme, the 
cold matrix may be seen as “fracturing” into pieces 
(droplets). In this case, the excitation energy is very 
unevenly distributed among the different degrees of 
freedom. Examples include the “sudden perturbation” 
model in plasma desorption mass spectrometry [24] 
and the “bond-breaking” model [4, 251 in SIMS, in 
which alkali halide clusters are considered to result 
from direct emission of fragments of the original crys- 
tal. Molecular dynamics simulations do not seem to 
support such a notion, except in the sense that mole- 
cules may be ejected intact from metal surfaces [13]. 
Similar ideas of direct emission have been applied to 
liquid matrices. The driving force for a “fracturing” 
process could be a high-pressure gas pocket, formed as 
a result of the thermal spike underneath the surface 
[26,27]. The pressure is released in an explosive event. 
Vestal [27] proposed the lively analogy of a “splashing 
sauce.” In a similar vein, Wong and Riillgen 1261 pro- 
posed sputtering by “spraying.” According to these 
ideas, bare analyte ions or clusters are formed as the 
ejected singly charged droplets (large clusters) shed all 
or most of their solvent molecules. These “droplet” 
models may be applied not only to liquid SIMS but 
also to other DI methods like laser desorption. 
In our own work, we suggested a somewhat differ- 
ent explanation for the formation of charged solvent 
clusters. When the energy density in a matrix after an 
impact is high enough for the matrix to initiate a 
transition to a gaseous state but not high enough to 
actually form a gas, cluster formation must result [28]. 
Further, it must occur concurrently with the disintegra- 
tion of the matrix. Thus, density variations gradually 
develop into isolated clusters. During this entropy- 
driven, spinodal-like phase separation, the tempera- 
ture drops sharply [28]. Several factors seem to influ- 
ence the tendency of a matrix to undergo such a bulk 
desorption or spinodal transition, such as the energy of 
the bombarding particle, the shape and extent of the 
collision cascade, and the viscosity of the matrix [29]. 
In the present work, we analyze the change in the 
abundances of matrix and alkali chloride clusters in 
liquid secondary ionization mass spectra with changes 
in the concentration of the salt in a glycerol matrix. 
The results are interpreted in terms of cluster forma- 
tion models. 
Experimental 
The experiments were performed with a VG 7070E-HF 
mass spectrometer with a VG 11-250J data system. The 
saddle-field fast-atom gun was operated at 8.0 kV and 
1.0 mA using xenon gas. The probe was fitted with a 
copper tip with a diameter of 6.5 mm and an angle 
between the lime normal to the tip surface and the ion 
exit path of 20”. A magnet scan rate of 10 s/decade 
was used. The spectra used for this study are the 
average of the first three scans recorded after the 
sample was inserted into the ion source; however, the 
spectra were very stable over a time period of many 
minutes, 
The chemicals were obtained commercially and used 
without further purification, except that glycerol was 
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thoroughly degassed in an ultrasound bath prior to 
use. Samples were dissolved in the glycerol by stirring 
and in some cases by gentle heating to produce super- 
saturated solutions. 
1% CSCI 
Results and Discussion 
The best known liquid secondary ionization mass spec- 
trum is probably that of neat glycerol. The base peak 
in that spectrum is protonated glycerol (GlH*, m /z 
93). There are also a number of low-mass ions, notably 
at m /Z 75, 57, 45, 31, 29, and 19. Most of these ions 
are probably formed as a result of gas-phase dissocia- 
tions of GlH+. The “chemical noise” at nearly every 
integral mass is known to be due to radiation chem- 
istry in the liquid matrix [30-323. Finally, at high mass, 
there is a long sequence of cluster ions, (Gl),H*, ob- 
served up to n > 10. We begin by taking a close look 
at the disappearance of the glycerol clusters and the 
simultaneous appearance of new clusters as the alkali 




Concentration Dependence of Liquid Seconda y 
Ionization Mass Spectra of Glycerol Solutions of 
Alkali Chlorides 
The abundances of different cluster ions in the liquid 
secondary ionization mass spectra of alkali chlorides 
dissolved in glycerol were studied as a function of salt 
concentration. Previous studies of such spectra [9-11, 
331 contain little concentration-dependent data. Figure 
1 shows typical positive ion mass spectra, here of 1.0 
and 10 mol% CsCl in glycerol. There are several groups 
of prominent ions. The ions of the neat glycerol spec- 
trum are still present; however, the abundances, par- 
ticularly of the glyceroI clusters, are reduced. Further, 
there is a series of Cs+(Gl), ions (i.e., Csf ions sol- 
vated by m glycerol molecules). In another group of 
prominent peaks, the alkali ions are “solvated,” also 
by one or several CsCl units, Cs+(CsCl),(Gl~,. At 
higher salt concentrations, this sequence of Cs+(CsCl), 
ions extends to high n. Finally, there are a number of 
ions in the spectrum with composition Cs+(Cs*[Gl - 
HI-XCsCl),,(Gl), (i.e., where one chloride ion is sub- 
stituted by a glyceroxide anion-the deprotonated 
glycerol molecule). 
m/z 
Figure 1. Liquid secondary ionization mass spectrum of (a) 1.0 
mol% and (b) 10 mol% solution of CsCl in glycerol. 
I 
0 2 4 6 8 10 12 14 16 
The dependence of ion abundances on salt concen- 
tration was studied for a number of alkali chlorides as 
well as for mixtures of chlorides. Different alkali ions 
give very similar results; however, the solubility is the 
largest for the cesium salt. Therefore, these spectra can 
be studied over the widest concentration range and 
only the cesium chloride results are shown here. Fig- 
ure 2 shows the behavior of the main glycerol ions. In 
these semilogarithmic graphs, it is striking that the 
slopes of the fitted lines are much larger for the glyc- 
erol clusters than for GlH’ and, in particular, for the 
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Figure 2. Abundances of principal glycerol ions as a function of 
the concentration of CsCl in the matrix. (a) (C&H+ ions with 
tz = 1-6; (b) major glycerol fragment ions. Note the difference in 
scale; TIC, total ion current. 
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phenomenon when adding diethanolamine to glycerol 
1341. A possible explanation would seem to be that for 
some unknown reason, the average internal excitation 
energy of ejected glycerol ions and clusters increases as 
salt is added, leading to more extensive fragmentation; 
however, a better expianation is that “ionization trans- 
fer” from glycerol to alkali ions, M’, 
GlH+ ions 1-‘g - M+ ions (2) 
occurs during the desorption event, where 1 --f g indi- 
cates that this reaction occurs during the transition 
from a liquid to a gas. If the extent of reaction 2 is the 
largest for the large glycerol cluster ions and the small- 
est for the glycerol fragment ions, then this would 
qualitatively explain the trend shown by the curves in 
Figure 2. Reaction 2 is analogous to the proton transfer 
observed, when energetically favorable, for basic ana- 
lytes B dissolved in glycerol [35], 
1-s 
GlH+ ions + B - BH+ ions (3) 
For salts, gas-phase proton transfer to an alkali halide 
ion pair is exothermic [33]: 
GlH++ MX A M+(GI) + HX (4) 
However, the same products would result from the 
association reaction 
(Gl),H++ MX A (Gl),,H’ (MX) (5a) 
followed by intracluster proton transfer and evapora- 
tion of the volatile HX molecule, 
(Gl),H+(MX) L M’(Gl), + HX (5b) 
During a liquid-to-gas transition, the ions are solvated 
by a disintegrating glycerol solvation shell. Thus, it is 
difficult to make a distinction between reactions 4 and 
5. It should be noted that substituting X- with a 
[Gl - H]- ion in reactions 4 and 5 results in the same 
ionization transfer from GE-I+ to M+. 
Analysis of Liquid Secondary Ionization Muss 
Specfra of Alkali Chlorides in Glycerol Using the 
Droplet Mode2 
According to the droplet model, reaction 2 occurs 
within a charged droplet ejected from the surface. This 
is represented by reaction 5b with a large m. In subse- 
quent dissociations, only neutrals are shed from the 
cluster to leave behind a product ion. If by chance a 
charged droplet does not contain an alkali ion, a glyc- 
erol ion will result; however, if the droplet does con- 
tam an alkali ion, reaction Sb occurs, and an I‘M+ ion” 
is detected instead. The trends of the slopes in Figure 2 
can then be explained if the following correlation holds: 
Larger droplets tend to end up as large glycerol clus- 
ters, whereas smaller droplets tend to end up as GlH+ 
or glycerol fragment ions. Because a larger droplet has 
a higher probability of containing at least one alkali 
ion, the formation of large alkali-free droplets-the 
presumed precursors of Gl,H+ clusters-becomes 
very unlikely as the salt concentration increases. 
Within the droplet model, it is not at all obvious 
why there should be a correlation between droplet size 
and the internal energy of the resulting ion or cluster. 
Still, this idea is developed here quantitatively, and we 
show that the observed spectra are reproduced very 
well. However, it is not suggested that this supports 
the droplet model for liquid SIMS; rather, we argue 
that the “droplets” must be reinterpreted in terms of 
proton transfer and clustering “volumes” in the disin- 
tegrating matrix. 
The following assumptions are made: (1) the aver- 
age composition of all the droplets, when formed, is 
the same as the bulk composition of the matrix; (2) the 
composition of individual droplets is statistically dis- 
tributed; (3) the droplets, after formation, shed only 
solvent molecules and other neutrals; and (4) only 
singly charged droplets contribute to the mass spectra. 
Thus, whereas the probability that a droplet contains n 
ions of the same charge must be calculated, the proba- 
bility that the same droplet contains n - 1 counterions 
is always 1. 
Assumption 1 above needs to be carefully consid- 
ered. It would seem that evaporation of matrix 
molecules, coupled with slow diffusion of analyte in 
the viscous matrix, must result in a considerable en- 
richment of salt near the surface; however, there is 
evidence to the contrary. First, at the high primary 
beam intensities used in fast-atom bombardment, the 
rate of sputtering roughly equals the rate of evapora- 
tion [36]. In such a case, the surface concentration 
would be approximately double the bulk concentra- 
tion. Second, Kriger et al. [37], using imaging SlMS, 
showed that non-surface-active analytes concentrate 
along the periphery of the droplet. These investigators 
explained that as a concentrated salt solution is formed 
in the immediate vicinity of the surface, the surface 
tension increases. As a result, excess salt in the surface 
is efficiently transported from the center to the periph- 
ery of the droplet. Third, the sum abundance of the 
salt ions in the spectra is linear with salt concentration 
up to a point close to the solubility limit. A conserva- 
tive estimate therefore is that the salt concentration 
probed in the liquid SIMS experiment is less than 
twice that of the bulk concentration. Therefore, the 
assumption that the surface and the bulk concentra- 
tions are equal seems not to be grossly in error. 
The sizes of the charged droplets that are the as- 
sumed precursors to the different glycerol ions are 
now estimated from the results in Figure 2. The proce- 
dure is illustrated using the (G1)4Hf clusters. Assume 
that the corresponding precursor droplets originally 
contain d molecules. The probability ps that a droplet 
will not contain a cesium ion [and thus result in the 
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(Gl),H+ cluster] is 
where xc5 is the mole fraction of CsCI. Equation 6 
predicts a decrease in the (G&H+ abundance with 
increasing xcs. It is seen in Figure 2 that the abun- 
dance of the (Gl&H+ clusters decreases by a factor of 
2.2 for every 1 mol% increase in xcscI. Setting the 
parent droplet size d at 78 in eq 6 gives an almost 
perfect fit to this line. Similarly, d was calculated for 
the other glycerol cluster and fragment ions. The fitted 
lines are not shown; they nearly overlap the lines 
connecting the data in Figure 2. The line for fragment 
31+ has a positive slope and is excluded here. The 
calculated d values range from 6 for the high-energy 
fragment 29’ to 16 for 75+, 22 for 93*, and approxi- 
mately 100 for the largest glycerol clusters. Of course, 
these are average values d,,; each glycerol ion should 
be associated with a range of d values. By assuming a 
Gaussian distribution with a standard deviation of 
da,,/3 and normalizing relative areas to reflect the 
abundances of the respective ions in neat glycerol 
spectra, the approximate droplet-size distribution 
curves in Figure 3 are obtained. The three lower curves 
show the results for glycerol fragments (Fz >, GH *, and 
G,H+, respectively. The sum droplet, or reaction vol- 
ume, size distribution shows a shoulder above n = 20. 
Assuming that the real distribution should be smooth, 
the standard deviation should not be chosen smalIer 
than da,,/3 because the shoulder is then intensified. If, 
on the other hand, a larger standard deviation is cho- 
sen, then the “sum” curve evens out and broadens 
somewhat, but it retains its overall shape. Thus, the 
“sum” curve in Figure 3 should approximate the over- 
all droplet or reaction volume (see below), size distri- 
bution in glycerol under our experimental conditions. 






Number of molecules in reaction volume 
Figure 3. Abundances of “droplets” as a function of the num- 
her of molecules in the droplet (see text). The droplets can also be 
interpreted as “reaction volumes” [i.e., local volumes within 
which the ionization transfer tGlH+ to Cs’) (reaction 2) OCCWS]. 
closely follow an exponentia1 decay above n = 25. It is 
seen that the abundance is halved as n increases by 
approximately 10. Assuming spherical droplets of uni- 
form density equal to that of pure glycerol, this corre- 
sponds to a rather sharp falloff between 9 and 11 A. 
We now turn our attention to the Cs+(CsCl},(GI), 
ions. These are abundant in the spectra, particularly at 
higher salt concentrations. Figure 4a shows the experi- 
mental abundances of such clusters with different n 
summed over ltl. For example, the points for n = 2 
show the sum abundance of the ions that contain 
exactly three Cs+ ’ ions. The probabilities that an origi- 
nal droplet of size d will contain n + 1 cesium ions are 
given by 
where d 
i 1 k 
is a binomial coefficient, and k = n + 1. 
Equation 7, convoluted over the distribution in Figure 
3, reproduces the sum abundance of all 
Cs +(CsCl),(Gl), clusters as a function of xcs very 
well, as expected; however, the abundances of the 
higher n clusters become severely overestimated. For 
example, at 15 mol% CsCl, the abundance for n = 4 is 
-3.5-1 
0 2 4 6 8 10 12 14 
0 
b n=O 
0 2 4 6 8 10 12 14 
Mole% CsCl 
Figure 4. (a) Experimental abundances of Cs+(CsCI),(Gl), for 
n = O-5 and summed over m. (b) Abundances of the same 
clusters as in a calculated with 7. The “droplet” distribution used 
was that shown in Figure 3, except that the “droplet” sizes were 
reduced to 40%; TIC, total ion current. 
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predicted to be slightly higher than that for n = 1. In 
contrast, the experimental n = 1 abundance was eight 
times larger. The droplet sizes therefore had to be 
reduced to 40% of those shown in Figure 3 to obtain a 
good fit. The relative abundances of the cluster ions 
with different n were then well reproduced (see Fig- 
ure 4b); however, the total abundance of such ions is 
now underestimated. This difference in droplet size is 
explained below in Ionic Clustering atid Proton Trans- 
fer Distances in the Decaying Matrix. 
Within each group of Cs+(CsCl), ions, there are 
clusters solvated by a different number m of glycerol 
molecules. Figure 5 illustrates this for the Cs+(CsCl), 
(Gl), clusters. It is seen that the extent of clustering 
with glycerol within the group decreases rapidly with 
increasing salt concentration. Figure 5b shows the same 
data as in Figure 5a but with the total abundances (i.e., 
summed over m) normalized to 100% at each concen- 
tration. It is seen that the behavior is very similar to 
that of the glycerol ions in Figure 2 (i.e., the abun- 
dances at different M decay exponentially with in- 
creasing CsCl concentration). The same explanation is 
applicable: The cooler Cs+(CsCl), clusters (i.e., those 
detected with several glycerol molecules) are derived 
from larger droplets. Thus, they are also more likely to 
add on an additional CsCl ion pair. Calculations based 
on this assumption satisfactorily reproduced the ion 
abundances in Figure 5; however, the calculation in- 
-0 2 4 s B lb 1; 14 16 
Y 
-3.54 
0 2 4 6 8 10 12 14 16 
Mole% CsCl 
Figure 5. Experimental abundances of Cs*(CsCl),(Gl), cluster 
ions for 1% - O-5 as a function of CsCl concentration in glycerol; 
(a) absolute abundances; (b) normalized abundances; TIC, total 
ion current. 
volved fitting a number of d values to observed M 
values and the results are not shown. 
We now turn to the presence of [Gl - HI-ions in 
the liquid secondary ionization mass spectra. Judging 
from the negative ion spectrum of glycerol, [Gl - HI- 
is the main negative ion formed as a result of ioniza- 
tion reactions in the collision cascade. Figure 6 shows 
the observed abundances of Cs+(CsCl),(Cs+[Gl - 
HI-1 (Gl), cluster ions for n = O-2 summed over m. 
A comparison with Figures 2 and 4 shows that the 
concentration dependence is very different. We were 
interested to see whether this behavior could also be 
accounted for by the droplet model. The simplest as- 
sumption is that [Gl - HI- (together with an arbitrary 
counterion P’) can be treated as any other analyte 
with a mole fraction of xh. The probability pi, of a 
droplet containing the ions in a Cs+(Cs+[Gl - HI-1 
(CsCl),Gl, cluster is obtained as the product of the 
probabilities that (1) the droplet contains a [Gl - 
HI-P l ion pair; (2) the counterion I’+ is a Cs+ and not 
a GlH+ ion, which would recombine with the [Gl - 
HI-ion to leave neutrals; (3) the droplet contains n + 1 
additional Cs+ ions. Setting the mole fraction of the 
GlH* ions to x~, we arrive at 




rce = 1 +A xcs + %)I 
and d ~ 1 
( 1 n+l 
is a binomial coefficient. The dashed 
curves in Figure 6 show the ion currents calculated 
with eq 8. For this calculation, we used xh = 0.01 and 
the smaller droplet distribution that was used for the 
calculation of Cs+(CsCl),(Gl), cluster abundances of 
Figure 4b. Any significant changes in either the droplet 
distribution or in xh destroy the agreement seen in 
Figure 6. The 1.0 mol% concentration of [Gl - HI-P+ 
Figure 6. Abundances of Cs+(CsCl),(Cs+[Gl ~ HI-) (Gl), 
cluster ions for n = O-2 summed over m. Solid lines, experimen- 
tal abundances; dashed lines, abundances calculakd from 8 using 
a mole fraction of 0.01 for the [Gl - HI- concentration; TIC, total 
ion current. 
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must be considered a rough estimate only. Still, it is a 
figure of considerable interest as an experimentally 
based estimate of the extent of ionization in the colli- 
sion cascade in liquid SIMS. It should be noted, how- 
ever, that the ion yield is much lower because of 
extensive recombination. 
Further refinements of the calculations for Figure 6 
within the “droplet” model were found to be of doubt- 
ful value. The best value for xi, remained approxi- 
mately 1%. 
Ionic Clustering and Proton Transfer Distances in 
the Decaying Matrix 
We have seen that the liquid secondary ionization 
mass spectra of alkali chlorides, at varying concentra- 
tions, in glycerol can be explained within the droplet 
model: After a droplet is separated from the rest of the 
matrix and ejected into the vacuum, it sheds all, or 
nearly all, neutral matrix molecules. Whether the 
droplet is detected as a glycerol ion or a Csc(CsC1),G1, 
or Cs”(Cs+[Gl - HI-(CsCl),Gl, cluster ion depends 
on what ions were originally present in the droplet. 
Our calculations strongly support that this is a matter 
of chance. This is to be expected if the ions are ran- 
domly distributed in the matrix at the time of impact. 
There was, however, an inconsistency in that modeling 
the increased abundance of the higher cesium ion 
clusters required smaller droplets than did modeling 
the decreasing abundance of the larger glycerol ions. 
This cannot be explained by an error in xcs and is 
hard to reconcile with a droplet model; however, there 
is a more serious problem. 
The evaporation of one glycerol molecule requires 
approximately 17 kcal/mol. Most of that energy is 
taken from internal degrees of freedom in the daughter 
cluster. If the parent cluster is initially cold, there is 
not enough energy for a second molecule to evaporate. 
For several successive evaporations to occur, the par- 
ent clusters must have a high initial excitation energy. 
We recently made RRKM calculations of the unimolec- 
ular dissociations of (Gl),H* clusters with n up to 10 
[38]. Even considering the uncertainties of such calcu- 
lations, the result is unequivocal. To achieve substan- 
tial desolvation, the internal excitation energy of the 
clusters must be very high; however, the first dissocia- 
tion reactions are then very fast. The separation of a 
large cluster or droplet from the matrix involves break- 
ing a multitude of intermolecular hydrogen bonds and 
other interactions. It may be estimated that this pro- 
cess takes a minimum of 10~” s; however, the RRKM 
calculations show that most of the molecules would 
leave the cluster well before lOPi s. Thus, these disso- 
ciation reactions cannot be conceptually separated from 
the disintegration of the matrix. After lo-” s, but 
before mass analysis in the spectrometer, RRKM pre- 
dicts that a maximum of only one to two glycerol 
molecules are shed from any (G&H+ cluster. Thus, 
the cluster distribution observed in the liquid sec- 
ondary ionization mass spectrum of glycerol should be 
rather close to the distribution of clusters ejected from 
the surface. “What you see is (almost) what you had.” 
This result is also intuitively very reasonable. 
Because the droplet model seems to be fundamen- 
tally flawed, the question is how to interpret the rela- 
tive success of the calculations above. First, we deal 
with the possibility that the clusters are already pres- 
ent as aggregates in the matrix prior to impact. We 
believe that this possibility is excluded by the follow- 
ing two observations. First, mixed alkali ion clusters 
are found in liquid secondary ionization mass spectra 
with a near-statistical distribution [39]. Because there 
is plenty of time between projectile impacts to estab- 
lish a “preformed” ion cluster distribution, the abun- 
dances of aggregates in the matrix should be deter- 
mined largely by their relative stabilities. It is almost 
inconceivable that some clusters would not be consid- 
erably more stable than others; however, if the clusters 
are formed very quickly, their composition will be 
determined largely by what ions happen to be close 
together in the matrix prior to impact. The second 
observation is that the extent of clustering of Mt 
(M+X-), with glycerol decreases exponentially with 
increasing salt concentration (Figure 5b), as illustrated 
by the change in the ratio of, for example, m = 2 to 
m = 0 in Figure 5b. It is difficult to understand why 
the presence of another salt or cluster ion in the vicin- 
ity of a preformed Mt(MfX-)2 cluster would sub- 
stantially increase the internal excitation energy of the 
ejected M+(M*X-I2 cluster. Thus, no dependence of 
m on CsCl concentration is expected, at least at low 
concentrations. For the same reason, the exponential 
decay for the glycerol ions (Figure 2) becomes very 
difficult to explain. Thus, the evidence is that ejection 
of “preformed” clusters is not important. Further sup- 
port comes from the observation that atom bombard- 
ment inhibits crystallization [40]. 
From the discussion above, it is concluded that 
because the alkali chloride clusters are formed neither 
before impact nor after ejection, they must be formed 
during the disintegration of the matrix. During this 
process, the density of the matrix decreases, and the 
temperature (initially) increases. Therefore, the dielec- 
tric constant will decrease [41], and the formation of 
ion pairs and ionic clusters becomes thermodynami- 
cally strongly favored. Because of the long-range forces 
involved, the tendency toward a gradual pairing of 
charges is very strong. The result is the formation of 
contact ion pairs. The fact that the ionic yield is only 
approximately 0.1 [26, 421 shows that only a small 
fraction of the initially solvated ions survives recombi- 
nation. To simplify the discussion, it is considered that 
this ion pairing occurs first. The “droplets” used in the 
modeling can then be thought of as spherical volumes 
surrounding each of the few surviving ions. As in the 
droplet model, the fate of the central ion is determined 
by what ion pairs happen to be present within the 
volume; however, the reactions are now considered to 
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occur in the disintegrating matrix. In the case of ion- 
ization transfer from glycerol to alkali ions (reaction Z), 
these “proton transfer volumes” range from approxi- 
mately 6 to 100 glycerol molecules (see Figure 3). At 
the original density of the matrix, this corresponds to 
radii of 5-15 A. Thus, a protonated glycerol molecule 
must be this far away from the nearest alkali/chloride 
ion pair to have a 50% chance to survive (i.e., not to 
proton transfer to the chloride ion). Once proton trans- 
fer occurs, the cesium ions take over as the local, 
“surviving“ charge, and other nearby Cs’X- ion pairs 
will cluster with that ion; however, the radii of these 
“ionic clustering volumes” are approximately 25% 
smaller than the “proton transfer volumes,” as evi- 
denced by the smaller droplets needed to explain the 
cluster distributions in Figure 4. This is reasonable 
because of the high mobility of the proton. Thus, the 
difficulty with the different droplet distributions is 
seen to disappear. It should be noted that the reactive 
distances quoted above would decrease by a factor of 
only 1.26 if the salt concentration sampled at the sur- 
face is not equal to but double that of the bulk. 
The “reactions volumes” considered above are not 
necessarily contiguous. It is certainly likely that during 
the latter part of the desorption process, some mixing 
occurs (i.e., there are occasional collisions between ions 
and molecules that were more distant in the matrix 
before impact). It is significant, however, that the “re- 
action” distances Y, are not very large; at 9 _& two ions 
are separated by only one glycerol molecule. Because 
neighboring ions and molecules are very likely to 
react, it seems that mixing cannot be very important. 
The simplest picture within which the present data can 
be explained seems to be one of a near-homogeneous, 
near-thermal bulk liquid-to-gas transition [15, 18, 21, 
281, where neighbors would tend to remain neighbors 
during the desorption process. Indeed, in molecular 
dynamics simulations of the bulk desorption process 
[43, 441, most collisions are seen to occur between 
molecules that were originally neighbors in the matrix. 
The distance calculations in the present studies then 
show that most reactions occur between molecules that 
were neighbors in the original matrix. For proton 
transfer to basic analytes, and for the formation of the 
largest ionic clusters, more distant neighbors also be- 
come important. 
According to the model presented here, the liquid 
secondary ionization mass spectra of alkali halides 
may be pictured as resulting from competitive ion-ion 
recombination reactions in the decaying matrix. For 
example, the “ionization transfer” from glycerol to 
alkali ions (reaction 2) can be written as 
GlH;, + Xi1 + MiJ l‘s Gl + HX + Mir 
\ 
(9a) 
GlH,C, -I- MX (9b) 
where the subscripts gJ remind us that the ions in 
particular experience a gradual decrease in the degree 
of solvation and an associated increase in the strength 
of the coulombic forces. Reaction 9 constitutes a com- 
petition between (1) ion pair formation involving X- 
and GlH+ (reaction 9a), leading to proton transfer and 
ejection of an M + ion; and (2) ion pair formation 
involving X”” and Mf (reaction 9b), leading to the 
ejection of a glycerol ion. The outcome depends on the 
statistical distributions in the relative positions of the 
solvated ions prior to impact. 
The dominant ionization reaction in liquid SIMS is 
the protonation of basic analytes B to give intense BH” 
peaks in the spectra. In a previous study, we presented 
a kinetic scheme that successfully reproduced the ma- 
trix and anatyte ion abundances for solutions of di- 
ethanolamine in glycerol [34]. The model and physical 
picture presented in this study can also be applied to 
such systems with the same degree of success. Thus, 
analyte protonation in liquid SIMS can be seen as the 
result of proton transfer from GlH*, formed in the 
collision cascade, to any basic analyte that happens to 
be within approximately 10 8, of the glycerol ion. The 
evidence is that this reaction occurs during the decom- 
position of the matrix. 
Conclusions 
The abundances of alkali chloride clusters, M+(MCl),, 
(Gl),, in liquid secondary ionization mass spectra of 
alkali chloride solutions in glycerol are given by the 
probability that n M + ions are found within a radius 
r, of approximately 7 A of a central alkali ion, assum- 
ing a random distribution of solvated ions prior to 
projectile impact. Similarly, the abundances of glycerol 
ions depend on the probability that no Mf ions are 
present within a radius of approximately 9 A of GlH* 
ion that is formed in the collision cascade. These re- 
sults can be explained by desorption being due to a 
near-homogeneous liquid-to-gas transition, where 
neighbors tend to remain neighbors during the desorp- 
tion process. The dominant ionic reaction is ion-ion 
recombination, which leaves only an occasional sur- 
vivng charge among the ejected molecules. As analyte 
is added to the matrix, ionization transfer from matrix 
to analyte as well as formation of involatile alkali 
halide clusters result from further ion-ion recombina- 
tion involving ions in the immediate vicinity of a 
surviving charge. Protonation of basic analytes in liq- 
uid SIMS is explained within the same picture. Finally, 
it is estimated that 1% of the glycerol molecules are 
ionized in the collision cascade. 
The main importance of the present results is in the 
conclusion that neighbor interactions are all important 
to the chemistry during the desorption process. For 
example, there is presently much interest in laser de- 
sorption and in using that technique to detect noncova- 
lent complexes [45]. Because of the fundamental ther- 
modynamic nature of spinodal-like transitions from 
condensed phase to gas [28], and the evidence of 
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extensive thermalization, it seems very likely that the 
desorption processes resulting from laser irradiation 
and from bombarding particles are closely related. 
Thus, it also seems likely that neighboyneighbor in- 
teractions dominate the ionic chemistry during laser 
desorption as weI1. This is very encouraging for the 
outlook of detection of noncovalent complexes using 
laser desorption. As in liquid SIMS, the main problem 
would seem to be the prevention of dissociation of the 
complex prior to desorption. Further, in the present 
study, we made the reasonable assumption that alkali 
and halide ions do not dissociate from a cluster; how- 
ever, in the more general case of noncovalent com- 
plexes, a good understanding of the competitive disso- 
ciation dynamics of complex and matrix is also needed, 
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